The inactivation of mitotic cyclin-dependent kinases that Cdc15-4GFP is fully functional (data not shown).
until late mitosis, when it also associated with the daughter pole. High CDK activity inhibited this
Immunofluorescence staining of spindle pole bodies indi-
association, while dephosphorylation of Cdc15 by cated that Cdc15-GFP colocalizes with the unduplicated
Cdc14 phosphatase enabled it. The analysis of Cdc15 SPB in G1 cells and with one of the two SPBs during derivatives indicated that SPB localization was later stages (Figure 1c ). Tubulin staining revealed that specifically required for cytokinesis but not for GFP-Cdc15 resides on the spindle pole that is oriented mitotic exit. These results show that Cdc15 has two away from the daughter cell and that remains in the separate functions during the cell cycle. First, it mother cell after spindle elongation ( Figure 1c ). In anis required for the activation of Cdc14. CD14, other set of experiments, SPBs and spindles were visualin turn, promotes CDK inactivation and also ized by GFP fusions to the SPB component Spc42 [10] dephosphorylates of Cdc15. As a consequence, or the ␣-tubulin Tub1 [11] . In these strains, the expression Cdc15 binds to the daughter pole and triggers of CDC15-GFP from an inducible promoter caused one cytokinesis. Thus, Cdc15 helps to coordinate SPB to light up more intensely and produced a dot-shaped mitotic exit and cytokinesis. signal at one or both poles of the spindle (Figure 1d ). Together, these data indicate that Cdc15 associates with binds to the SPB of the daughter cell not before late mitosis.
As a component of the mitotic exit network, Cdc15 is required for the release of Cdc14 phosphatase from the nucleolus [14, 15] , which leads to the proteolysis of Clb2.
To better define the stage at which Cdc15 associates
Results and discussion
To investigate the subcellular localization of the Cdc15 with the daughter cell SPB, we visualized epitope-tagged versions of Cdc14 and Clb2 by immunofluorescence stainprotein kinase, we constructed a yeast strain in which four copies of the green fluorescent protein (GFP) gene [9] ing in cells expressing GFP-CDC15. Anaphase cells in which Cdc14 had been released and had spread throughwere fused to the chromosomal CDC15 locus. The fact that this strain grew as well as the wild type did indicates out the nucleus contained a single GFP-Cdc15 signal more, an analysis of GFP-Cdc15 revealed that in arrested as Clb2 levels dropped (cell 2), a second GFP-Cdc15 cells a single signal was present (Figure 2c ). This finding signal appeared in the daughter cell. Thus, the release of indicates that high CDK activity inhibits the binding of Cdc14 from the nucleolus and the onset of Clb2 proteolyCdc15 to the daughter pole. Since Cdc15 protein kinase sis apparently precede the association of Cdc15 with the activity does not change during the cell cycle [1], phosdaughter cell SPB.
phorylation might be a mechanism for regulating Cdc15 localization. To address this question, we analyzed the Consistent with previously published data [12, 16] , we localization of a derivative of Cdc15 in which seven potenfound that Cdc15 is a phosphoprotein that is dephosphortial CDK phosphorylation sites were mutated (Cdc15-ylated by Cdc14 phosphatase during exit from mitosis (see 7A). Unlike Cdc15, Cdc15-7A is no longer phosphorylated the Supplementary material available with the electronic in vivo [16] . After CLB2⌬db overexpression, GFP-Cdc15-version of this article on the internet). Since Cdc14 has 7A localized to both SPBs in the majority of cells (Figure been shown to reverse phosphorylation by Cdc28-Clb2 2d). These results imply that phosphorylation by CDKs kinase [8] , we examined the effects of elevated levels inhibits the binding of Cdc15 to the SPB of the daughter of Cdc28-Clb2 kinase on Cdc15. The overexpression of cell, while dephosphorylation enables its association durnondegradable Clb2 (CLB2⌬db) arrests cells in late anaing late mitosis. Because dephosphorylation depends on Cdc14, this indicates that the mitotic exit network has phase, with Cdc14 already spread throughout the cell [15, already been activated when the change in localization repressive conditions. This low-level expression, however, was not sufficient to rescue the cells, and this result of Cdc15 occurs. Binding to the daughter pole, therefore, is not required for the mitotic function of Cdc15 but is demonstrates that the truncated version of Cdc15 has a functional defect. Interestingly, the arrest phenotype of rather a result of it.
cdc15⌬ GFP-CDC15⌬135 cells differed from that of cdc15-2 mutants. The cells did not arrest in anaphase but formed To further characterize the role of Cdc15, we constructed a series of deletion mutants and analyzed their localization branched chains, with each cell containing a nucleus (Figure 3a) . This phenotype indicates that nuclear division and functional properties. We only truncated the C-terminal domain (amino acids 273-974) of Cdc15, which has an had occurred without cell division and suggests that SPB localization of Cdc15 is not required for mitotic exit but as-yet-unknown function, because the N terminus (amino acids 1-300) contains the essential protein kinase domain.
is required for the onset of cytokinesis. This interpretation is supported by the phenotype of another mutant strain. The deletion of 135 amino acids (Cdc15⌬135) abolished SPB binding and resulted in the distribution of the kinase cdc15⌬ cells overexpressing a construct containing only the protein kinase domain of Cdc15 (GFP-[PK]CDC15) throughout the cell (Figure 3a ). Nevertheless, high-level expression of GFP-CDC15⌬135 from the inducible GAL1
were viable but had a severe defect in cell division. This defect produced cell aggregates with multiple nuclei (Figpromoter was able to rescue cdc15⌬ cells. Since we had observed that cdc15⌬ cells containing wild-type GAL1-ure 3a). To further substantiate the idea that Cdc15 has two separate functions, we examined the cell cycle pro-GFP-CDC15 were viable in glucose medium, we also tested cdc15⌬ GAL1-GFP-CDC15⌬135 cells under these gression of CDC15⌬135 cells in more detail. We synchro- nized cells by centrifugal elutriation and added ␣ factor onset of cytokinesis. Spindle pole association of regulatory proteins therefore might be a general mechanism for coorpheromone after bud emergence to arrest cells in the following G1 phase. In CDC15⌬135 cells, the degradation dinating cell cycle events. of Clb2 and the accumulation of Sic1 were comparable to those in control cells, and these results indicate that
The fission yeast Cdc7 kinase, which is homologous to CDC15⌬135 cells are capable of exiting from mitosis (FigCdc15 , also binds asymmetrically to spindle pole bodies ure 3b). Cytokinesis, however, did not occur since the [21] . The pattern, however, differs from that of Cdc15; fraction of cells with divided nuclei stayed high. Unlike during early mitosis Cdc7 is present on both poles, but control cells, large-budded CDC15⌬135 cells were not in late anaphase it only associates with one SPB. Cdc7 is a susceptible to zymolyase treatment (Figure 3b ). This sugmember of the Sid pathway (septum initiation defective), gests that the defect of CDC15⌬135 cells is in cytokinesis which is similar to the mitotic exit network of budding and not in cell separation. Actin staining with phalloidinyeast [22] . The Sid cascade, however, is essential for the rhodamine revealed that the mutant cells were able to initiation of septum formation and is not involved in CDK assemble an actin ring at the bud neck (Figure 3c ). This
inactivation. Yet, localization to the SPB during at least further indicates that the mitotic exit function of Cdc15 some stages of the cell cycle seems to be a common is unimpaired since Cdc15 activity is necessary for Cyk1 feature of components of both pathways. Interestingly, localization at the bud neck, which is essential for actin localization of the protein kinase Sid1, which occurs just ring assembly [18] . Constriction, however, seems to be prior to septum initiation, seems to depend on CDK inacinhibited.
tivation [23] . Our results suggest that the functional similarities between the conserved signaling pathways of both yeasts are higher than it has appeared so far. In budding Exit from mitosis is characterized by CDK inactivation, yeast the pathway seems to have two functions; it is essenwhich is a prerequisite for cytokinesis, but it is still unclear tial for exiting from mitosis, but at least Cdc15 kinase and how Cdc28-Clb2 inhibits this final step. Our studies have probably Tem1 [14] and Cdc5 [24] are also required for identified the protein kinase Cdc15 as a component that cytokinesis. In both systems, spindle pole bodies are nonlinks mitotic exit and cytokinesis and that is negatively equivalent and might serve as a central place where cell regulated by Cdc28-Clb2. Cdc15 activity first is required cycle progression is monitored and components from diffor the activation of Cdc14 and thus for the initiation of ferent pathways are brought together to trigger cell divimitotic exit. Cdc14 in turn dephosphorylates Cdc15 and, sion at the end of the cell cycle. furthermore, triggers the inactivation of Cdc28-Clb2. This inactivation enables the binding of Cdc15 to the SPB the second function of Cdc15 depends on its initial function, a sequence of events arises that ensures that cytoki-
